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A B S T R A C T
Rare earth element (REE)-bearing carbonatite deposits commonly contain a wide range of different REE- and
REE-bearing minerals associated with various gangue matrices. In order to select the most-suitable mineral
processing technique for these deposits, it is essential to identify and quantify the minerals of interest, including
their liberation, associations and grain size distribution, along with whole rock compositions. These data are also
vital for ore feed optimisation and metallurgical troubleshooting during and after designing a mineral processing
flowsheet. This paper summarises the key mineralogical parameters needed before conducting metallurgical
beneficiation tests, using the Songwe Hill carbonatite deposit as an example. This REE ore deposit consists of
poorly-liberated synchysite-(Ce), which hosts the light rare earth elements including Nd plus some heavy rare
earths and well-liberated apatite, which hosts 50% of Gd, 63% of Dy and 71% of Y (heavy rare earth elements) in
the deposit. For all REE heavier than Gd, apatite is the most important REE host, however, for the two REE where
data are available in both synchysite-(Ce) and apatite (Dy and Y), synchysite-(Ce) still accommodates> 25% of
the whole-rock HREE content. Both of these ore minerals are associated with ankerite, calcite, and to a lesser
extent with iron oxides/carbonates, K-feldspar, strontianite and baryte. According to the quantitative miner-
alogical data, the possibility of using gravity separation, magnetic separation, froth flotation and leaching to
process Songwe Hill carbonatite ore is discussed and a potential beneficiation flowsheet is presented.
1. Introduction
Characterising mineralogical textures in an ore body is a powerful
and integrated tool for designing processing routes and improving se-
paration performance (Gottlieb et al., 2000; Lotter et al., 2002; Evans
et al., 2011). A successful separation process mainly depends on ex-
ploiting differences in physical and chemical properties (such as spe-
cific gravity, magnetic and electrostatic response and surface chem-
istry) between particles containing ore and gangue minerals.
Identification and quantification of the key mineralogical parameters,
such as mineral identity and abundance, liberation, association, and
grain size distribution also play a significant role in predicting the
possible flowsheet options for processing an ore deposit. These are vital
for metallurgical troubleshooting and data interpretation during and
after the design of a mineral processing flowsheet.
Carbonatite deposits are the largest and highest grade sources for
the REE (Jackson and Christiansen, 1993; Wall, 2014). These rocks vary
in composition from calciocarbonatite to ferrocarbonatite (Woolley and
Kempe, 1989) and can host multiple REE minerals such as the fluor-
carbonates (bastnäsite, parisite, synchysite), monazite, ancylite and,
less commonly, xenotime and allanite as well as REE-bearing minerals
such as apatite, which is common as a rock-forming mineral. These REE
minerals are associated with a wide range of gangue phases, such as
calcite, dolomite, ankerite, forsterite, aegirine, phlogopite, biotite,
magnetite and other iron oxides. Due to the mineralogical variety and
complexity of carbonatites, it is essential to identify the carbonatite
type and the minerals that host REE. With this knowledge, it is possible
to determine key physical, chemical and mineralogical characteristics
before considering any mineral processing route. Owing to the com-
plexity of mineral processing in carbonatites, mineralogy is more im-
portant than grade at the early stages of exploration.
The rare earth minerals commercially extracted from carbonatites
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are bastnäsite-(Ce), the Ca-free end-member of the REE fluorcarbonate
group, and monazite-(Ce). Xenotime has also been processed from other
REE deposit types (Jordens et al., 2013; Krishnamurthy and Gupta,
2016). Bastnäsite deposits (e.g. Mountain Pass and Bayan Obo) usually
contain minor amounts of the other REE fluorcarbonates. One of these,
synchysite-(Ce), the Ca-rich end-member REE fluorcarbonate, is one of
the most-commonly occurring REE minerals and the second most re-
ported mineral of the REE fluorcarbonate group (Wang et al., 1994). To
demonstrate this, we have compiled a list of deposits which contain
synchysite as a valuable mineral (Table 1). Despite the abundance of
synchysite-(Ce) as a REE mineral, it is not currently commercially ex-
tracted as a major ore mineral. Research thus far has focussed on un-
derstanding the potential processing options for synchysite-(Ce), such
as roasting to improve acid solubility (Burmaa et al., 2007), magnetic
separation (Al-Ali et al., 2019) and flotation (Owens et al., 2018, 2019).
However, there have been few studies that integrate geological and
mineralogical observations of a REE-rich carbonatite to predict how
synchysite-(Ce), and other ore minerals, behave during mineral pro-
cessing (e.g., Schulz et al., 2019; Van Rythoven et al., 2020; Jiao et al.,
2020). In this contribution we undertake such a study, using the
Songwe Hill carbonatite as an example, in order to evaluate and discuss
the fundamental mineralogical parameters that need considering for the
design of an appropriate beneficiation flowsheet for synchysite-rich
deposits.
2. A case study – The Songwe Hill rare earth project
The Songwe Hill carbonatite deposit, Malawi, is an advanced rare
earth project, licensed to Mkango Resources Ltd., and is the case study
of this article. It is interpreted as a circular volcanic vent approximately
800 m in diameter and comprises a multi-phase intrusion composed of
carbonatite, fenite and breccia (Broom-Fendley et al., 2017a; Witley
et al., 2020). REE mineralisation is disseminated throughout the de-
posit. In the field, the rocks are locally brecciated and cross-cut by
veins, some of which are REE-rich, while others are barren (Broom-
Fendley et al., 2017a). However, at the wider scale relevant to in-
dustrial mining (~10 m blocks), the deposit is relatively homogeneous
in terms of its REE mineralogy and grade. The principal REE-bearing
minerals in this ore deposit are apatite and synchysite-(Ce).
Apatite is anomalously enriched in the heavy rare earth elements
(HREE: Eu–Lu + Y), compared to apatite in most carbonatite deposits
(Broom-Fendley et al., 2016, 2017b), while synchysite-(Ce) is light rare
earth element (LREE: La–Sm) rich. In this article, we focus on apatite
and synchysite-(Ce) as “valuable minerals” for their content of REE,
although minor florencite-(Ce), parisite-(Ce) and trace bastnäsite and
monazite do also occur.
3. Materials and analytical methods
Preparation and analysis of whole-rock powders was carried out by
Intertek-Genalysis Laboratory Services Pty Ltd. in Johannesburg, South
Africa, and Perth, Australia. All other analytical work was carried out at
Camborne School of Mines, University of Exeter.
3.1. Materials
In total, fifteen carbonatite rock samples of different size fractions
were analysed for their bulk chemical and mineralogical composition,
and for particle size distribution. These samples consist of eight crushed
drill core samples representing eight drill holes from Songwe Hill with a
P100 of 1700 µm, two composite samples with P80 of 53 µm and 38 µm,
and five size-by-size fractions of> 40 µm, 30–40 μm, 20–30 μm,
10–20 μm, and<10 μm (Fig. 1). The location and lithology of the drill
cores used in this study are shown in Fig. 2.
The crushed samples with P100 of 1700 µm were treated separately
by splitting each whole sample (about 4 kg) into small fractions to
produce three representative subsamples of approximately 30 g each
using a riffle splitter. One of the subsamples was used to represent the
individual crushed drill core, whereas the other subsamples were used
to make two composite samples (Fig. 1). The composite samples were
made by combining the subsamples from individual drill cores and then
using a rod mill to produce 53 µm and 38 µm fractions. Size-by-size
fractions were obtained from the remaining portion of the 53 µm
ground sample using a Warman Cyclosizer, producing fractions be-
tween approximately> 40 µm and<10 µm. All the size fractions were
filtered, dried and riffled into representative subsamples. Each size
fraction of the riffled subsamples was further reduced by a rotary micro-
riffler to about 1 g, as a final representative subsample. These fractions
were then prepared as polished blocks for mineralogical analyses.
3.2. Whole rock chemistry
Crushed drill core samples were analysed for REE, Mg, Al, Si, P, S, K,
Ca, Mn, Fe, Sr, Zr, Nb, Th and U contents. The samples were milled and
pulverised to 80% passing size P80 of 75 μm. Milled powders were di-
gested as a sodium peroxide fusion to ensure complete dissolution. After
digestion, the sample was diluted and analysed using inductively cou-
pled plasma optical emission spectrometry (ICP-OES) for the major
elements and inductively coupled plasma mass spectrometry (ICP-MS)
for the REE and other trace elements (Witley et al., 2020). Internal
quality assurance and quality control procedures included the insertion
of duplicate samples, blanks and certified reference materials
(AMIS0185, GRE-04). The results indicated no contamination nor
analytical issues (Witley et al., 2020).
3.3. X-ray diffraction
Samples were disaggregated with an agate mortar and pestle and
then analysed using a Siemens D5000 X-ray diffractometer. Analyses
were carried out using a Cu Kα source operated with a tube voltage of
40 kV and current of 30 mA. The profile produced by the scan was
interpreted using the JCPDS PDF-2 (2004) database and Bruker EVA
software V.10.0.1.0.
3.4. SEM and electron probe microanalysis
Initial mineral identification was first undertaken by SEM-EDS using
a JEOL JSM-5400LV Low Vacuum SEM, equipped with Oxford
Instruments EDS system. Following this, mineral compositions were
determined using a JEOL JXA-8200 EPMA, operated with a 15 kV ac-
celerating voltage, 20 nA beam current, and 5 µm beam diameter. The
peak counting times were 10 s for La and Ce; 20 s for Pr, Nd, Sm, Eu,
Gd, Dy, Er, Y, Th, and U; and 30 s for Ca, P, and F. The REE were
calibrated using synthetic silicate glasses from the Edinburgh Ion Probe
Facility, while the other elements were calibrated against a combina-
tion of natural and synthetic minerals and metals. A manual correction
was applied to the REE data to account for X-ray peak overlaps, such as
those of Ce on Sm and Gd.
3.5. Automated mineralogy by QEMSCAN®
Automated mineralogical analyses were carried out using
QEMSCAN® (Quantitative Evaluation of Minerals by Scanning Electron
Microscopy) 4300 system. The instrument was operated using a 25 kV, 5
nA electron beam and an X-ray collection rate of 1000 counts (Rollinson
et al., 2011). A 10 µm spatial resolution was set for the crushed drill
core samples, while 1 µm spatial resolution was set for the composite
samples and the size-by-size fractions. QEMSCAN® operation followed
quality control procedures developed in-house for sample preparation,
instrument calibration, operation and data processing (Rollinson et al.,
2011).
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3.5.1. Differentiation of individual REE fluorcarbonates minerals
Using automated mineralogical techniques to determine different
REE minerals is challenging (e.g., Sindern and Meyer, 2016; Schulz
et al., 2019; Van Rythoven et al., 2020; Jiao et al., 2020). Therefore, a
species identification protocol (SIP) was developed using internal re-
ference mineral standards, validated by SEM-EDS and EPMA, to dif-
ferentiate chemically-similar REE minerals such as synchysite-(Ce) and
parisite-(Ce), which frequently occur as syntaxial intergrowths
(Fig. 3A). Development of the SIP was carried out iteratively using Ca
X-ray count rate levels of 85, 88, and 90, with the best result obtained
using a Ca level of 88 (Fig. 3B). Owing to the common occurrence of
intergrowths of apatite and florencite at scales smaller than the 10 µm
resolution, an “apatite/florencite” term is used herein for this mixed
phase.
3.6. Particle size analysis and classification
A Malvern Mastersizer MAF500 laser-sizer was used to determine
the particle size distribution of the composite samples with P80 of 53 µm
and 38 µm. The ground sample was suspended in a beaker using a ro-
tating impeller, from which about 5–10 mL was collected using a pip-
ette and introduced into the Malvern Mastersizer.
The ground composite sample P80 of 53 µm was wet screened using
a vibrating mechanical 45 µm sieve before analysing using the
Mastersizer. The<45 µm size fraction was further classified by a
Warman Cyclosizer to separate particles into different size fractions.
Approximately 75 g of ground sample was mixed with water and run on
the Cyclosizer for 30 min at 20 °C. Each collected sample was allowed to
settle before being decanted, pressure filtered, dried and weighed. The
density of each size fraction was measured using a Micromeritics
AccuPyc 1330 instrument. The equivalent diameter of the five cyclones
Fig. 1. Summary of the samples used in this work. “PX05–35” are drill hole identifiers.
Fig. 2. A 3D model of Songwe Hill and location of the drill holes. Elevation data are from Google Earth and the lithology of the drill cores from Mkango Resources
Ltd.
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and the consequent down-stream size fractions were: 41 µm, 30 µm,
21 µm, 14 µm, 10 µm and <10 µm.
4. Key process mineralogy parameters
4.1. Mineralogy
Identifying and quantifying minerals of interest, including their
liberation, association, and grain size distribution, is a fundamental
component of the process mineralogy. It improves understanding of the
ore body and provides insight into the target minerals and optimum
grind size of the feed before conducting any mineral processing test-
work. It is also vital information for ore feed optimisation and me-
tallurgical troubleshooting during and after the design of a mineral
processing flowsheet (Gottlieb et al., 2000; Grammatikopoulos et al.,
2013; Van Rythoven et al., 2020).
Observations from SEM images, combined with XRD and automated
mineralogy data, indicate that all the drill core samples have a similar
mineralogical composition, but vary slightly in their relative propor-
tions. The main gangue minerals are calcite, ankerite and K-feldspar
along with traces of strontianite, baryte, hematite, goethite and siderite
(Fig. 4). Apatite, synchysite-(Ce) and florencite-(Ce) are the pre-
dominant valuable minerals.
Automated mineralogical analyses show that the carbonatite at
Songwe Hill contains about 7–10 wt% apatite, synchysite-(Ce) and
florencite-(Ce), as well as trace amounts of bastnäsite and monazite
(Table 2; Fig. 5).
From back-scattered electron imagery, it is evident that the valuable
minerals are typically fine-grained, and commonly between 5 and
50 µm in size. Between samples they vary in their proportions and
crystal shapes, particularly synchysite-(Ce). In addition, they are asso-
ciated with all gangue minerals, indicative of a complex ore deposit.
Apatite commonly occurs as subhedral to anhedral grains in patchy
or vein-like textures, with a grain size up to 100 µm. It is mostly as-
sociated with ankerite followed by calcite and to a lesser extent with K-
feldspar and Fe/Mn oxides (Fig. 6A). It also occurs as a well-liberated
coarse-grained phase up to 400 µm (Fig. 6B).
Synchysite-(Ce) commonly occurs as fine to very fine anhedral to
subhedral grains,< 25 µm diameter, as assemblages of fibro-radial
crystals which form nest-like microstructures or individual platy (aci-
cular cross-section) crystals (Fig. 6C). It also, to a lesser extent, occurs
as granular (lath-shaped) crystals of about 150 µm (Fig. 6D). It is pri-
marily associated with calcite and ankerite, as well as strontianite,
baryte and Fe/Mn oxides. Synchysite-(Ce) crystals are mostly locked
and poorly liberated.
Crystal shape and size are important parameters for processing an
ore deposit as both can affect the degree of liberation. Where synchysite













Fig. 3. (A) BSE image showing syntaxial intergrowth of synchysite-(Ce) (dark grey) and parisite-(Ce) (grey) crystals and (B) false-coloured fieldscan image showing
syntaxial intergrowth of synchysite-(Ce) (light blue) and parisite-(Ce) (red) crystals as determined by automated mineralogy. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Mineralogical composition of
the crushed drill core carbonatite sam-
ples of Songwe Hill as determined by
XRD. All peaks are normalised based on
the maximum peak intensity in each
XRD profile. Abbreviations: Ank: an-
kerite, Apt: apatite, Brt: baryte, Cal:
calcite, Feld: K-feldspar, Goth: goethite,
Hmt: hematite, Sid: siderite, Strn:
strontianite, Syn: synchysite-(Ce).
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Table 2
Quantitative modal mineralogical data (wt%) of the valuable and gangue minerals in the composite samples and the size-by-size fractions of the ground composite
sample P80 of 53 µm determined by automated mineralogy.
Mineral group Mineral name Composite samples (µm) Size-by-size fractions (µm)
1700 53 38 >40 30–40 20–30 10–20 <10
Valuable minerals Phosphates Apatite 3.78 5.56 5.01 4.96 4.15 3.38 3.36 4.74
Florencite-(Ce) 0.32 0.60 0.64 0.28 0.42 0.61 0.49 0.70
Apatite/florencite-(Ce) 0.40 0.42 0.57 0.15 0.25 0.18 0.21 0.59
Monazite 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01
Carbonates Synchysite-(Ce)/parisite-(Ce) 2.46 3.22 2.69 2.68 3.37 3.12 3.05 4.25
Bastnäsite 0.02 0.01 0.01 0.01 0.01 0.03 0.04 0.03
Gangue minerals Carbonates Calcite 29.28 27.04 26.61 21.99 26.16 32.97 35.79 25.62
Ankerite 31.05 30.34 30.69 33.96 35.20 30.46 27.09 28.72
Dolomite 0.12 0.20 0.33 0.23 0.19 0.23 0.15 0.12
Strontianite 1.49 1.17 1.62 1.54 2.08 1.26 1.13 0.75
Silicates K-feldspar 9.40 9.52 9.89 9.49 5.93 10.49 9.66 8.38
Plagioclase 0.13 0.17 0.17 0.07 0.06 0.13 0.09 0.51
Biotite 0.66 0.45 0.55 0.57 0.38 0.37 0.48 0.65
Chlorite 0.39 0.63 0.75 0.28 0.24 0.21 0.31 1.61
Kaolinite 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Quartz 0.17 0.14 0.16 0.18 0.20 0.25 0.24 0.43
Zircon 0.01 0.03 0.10 0.01 0.03 0.03 0.06 0.03
Other silicates 1.65 1.87 1.83 1.30 1.17 1.42 1.64 3.17
Oxides Fe-Ox(Mn)/CO3 a 13.73 12.69 12.16 14.77 13.29 10.03 10.91 14.56
Mn Ox/CO3 0.19 0.34 0.47 0.28 0.23 0.24 0.32 0.53
Rutile 0.52 0.71 1.04 0.74 0.59 0.33 0.43 0.55
Ilmenite 0.86 0.67 0.50 1.47 0.86 0.65 0.58 0.23
Pyrophanite 0.32 0.33 0.44 0.86 0.67 0.42 0.44 0.29
Pyrochlore 0.38 1.18 0.34 0.97 0.48 0.34 0.40 0.14
Sulphides Pyrite 0.37 0.24 0.15 0.48 0.42 0.12 0.19 0.44
Sphalerite 0.01 < 0.01 <0.01 0.03 0.10 0.03 0.04 0.02
Galena 0.01 < 0.01 <0.01 0.01 0.08 0.01 0.01 0.01
Sulphates Baryte 1.36 0.98 2.20 1.41 1.96 1.27 1.64 1.73
Gypsum 0.00 0.04 0.06 0.01 0.01 0.01 0.02 0.07
Halides Fluorite 0.87 1.03 0.88 1.08 1.39 1.37 1.18 1.05
Mixed Others b 0.01 0.09 0.08 0.19 0.05 0.05 0.04 0.08
a Including magnetite, jacobsite, titaniferous magnetite, siderite, hematite, goethite and limonite (Williams, 2019) and the average density of these minerals is
used to convert the data into wt%.
b Others includes traces of any other minerals not listed above.
2 mm 
Crushed sample P100 of 1.7 mm Gangue minerals Valuable minerals
Fig. 5. A false-coloured image along with mineralogical composition data (wt%) of the valuable and gangue minerals in the composite crushed drill core sample P100
of 1700 µm as determined by automated mineralogy.
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challenging because of their small size. Conversely, granular crystals of
synchysite would be easier to liberate and subsequently recover.
Similarly, agglomerations of ‘needle-like’ crystals would behave as a
large particle and should also be easier to recover. No crystals of
synchysite> 150 µm diameter have been seen by the authors, at
Songwe Hill, or in published work on samples containing synchysite
from other localities and rock types. Even samples labelled ‘synchysite’
in which the crystals look to be cm-size, are intergrowths of different
REE fluorcarbonates (Daniel Atencio pers comm.) and there seems to be
a general rule that synchysite forms small platy crystals that will be
difficult to liberate during processing. This means that in addition to the
properties of synchysite, the properties of the host mineral (for ex-
ample, magnetic behaviour, electrical conductivity or specific gravity)
will also need to be considered when processing this ore deposit.
Florencite-(Ce), the least common REE mineral, occurs as anhedral
vein-like grains or as individual fine patches (Fig. 6E and F). Florencite-
(Ce) grains are smaller than the other REE minerals, with a grain size up
to ~30 µm and associated with all the gangue minerals.
Gangue minerals make up 90–93 wt% of the modal mineralogy.
There are no significant variations in the proportion of the valuable and
gangue minerals in the crushed samples P100 of 1700 µm, even between
the ground composites P80 of 53 µm and 38 µm, or the size-by-size
fractions of the ground composite sample P80 of 53 µm (Table 2). Va-
luable minerals are associated with all gangue minerals, particularly the
major minerals, in different proportions and do not show a preferential
association with one mineral. This is due to the complex nature of the
ore deposit, the coarseness of the measured particles (1700 µm), and
the fineness of the valuable minerals.
4.2. Liberation and mineral association

































Fig. 6. Examples of apatite, synchysite-(Ce) and florencite-(Ce) crystal shapes: (A) patchy vein-like apatite associated with calcite and iron oxides/carbonates, (D)
very large liberated particles of apatite, (C) assemblages of acicular crystals of synchysite-(Ce) associated with ankerite, (D) granular crystals of synchysite-(Ce)
associated with Fe(Mn) oxides/carbonates and ankerite, (E) small batches of florencite-(Ce) in a K-feldspar groundmass, and (F) vein-like florencite-(Ce) and
intergrown florencite-(Ce) and apatite associated with ankerite. Abbreviations: Ank: ankerite, Apt: apatite, Brt: baryte, Cal: calcite, Feld: K-feldspar, FeO: iron oxides/
carbonates, Florn: florencite-(Ce), Strn: strontianite, Syn: synchysite-(Ce).
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separation (McIvor and Finch, 1991). The degree of liberation can be
improved by grinding an ore feed sample to a finer fraction, to increase
the valuable mineral liberation and decrease its association with
gangue minerals, hence improving the recovery and the beneficiation
process.
While the results of the crushed drill core samples reveal that all the
minerals of interest are not well liberated, the ground composite sam-
ples P80 of 53 µm and 38 µm show a significant improvement in the
liberation of the valuable minerals, particularly apatite. In regard to the
size-by-size fractions of the composite sample of 53 µm, the mineral
liberation increases as the size fractions decreases (Fig. 7). Decreasing
liberation of the valuable minerals by about 10% in the<10 µm size
fraction could be due to the tendency of these ultrafine particles to
agglomerate (Pascoe et al., 2007).
Based on QEMSCAN® measurements, a maximum liberation degree
of 50% for synchysite-(Ce) and 72% for apatite is achieved after fine
grinding to P80 of 38 µm. A similar trend is also shown by the asso-
ciation of apatite and synchysite-(Ce) grains with the background
(resin) in the size-by-size fractions, which increases as the size fraction
decreases through> 40 µm and<10 µm (Fig. 8).
The distribution of the valuable mineral mass based on the libera-
tion degree is presented in Table 3. It is clear that a high weight percent
of the target mineral mass is liberated. The mass of liberated apatite is
higher than that of synchysite-(Ce) in the composites and size-by-size
fractions. For example, about 3.38 wt% of 5.56 wt% of apatite and
about 1.00 wt% of 3.22 wt% of synchysite-(Ce) are liberated in the
composite sample P80 of 53 µm. This could be due to the coarse size of
apatite compared to synchysite-(Ce), as evident from the automated
mineralogy results (Fig. 6A-D).
4.3. Whole rock and ore minerals chemistry
4.3.1. Whole rock chemistry
The composition of the crushed drill core samples is listed in
Table 4. General trends in the composition of the Songwe Hill carbo-
natites are discussed in Broom-Fendley et al. (2017a).
The samples are rich in REE with total rare earth oxide (TREO)
contents of 1.2–2.1 wt%. Overall, Ce2O3 accounts for 45% of the TREO,
followed by, in order of abundance: La2O3, 25%, Nd2O3 15%, Pr2O3
5%, Y2O3 4%, Sm2O3 2%, Gd2O3 2%, and other REO of about 2%
(Fig. 9). Other potentially economic metals include phosphorus
(1.3–2.1 wt%) and niobium (1543–3165 ppm).
As demonstrated by Broom-Fendley et al. (2017b), there is a posi-
tive linear correlation between P2O5 and Y2O3 in the carbonatite from
Songwe Hill. Broom-Fendley et al., (2017b) demonstrated that apatite is
the principal host of Y2O3 and, therefore, HREE, at this deposit.
4.3.2. Composition of the valuable minerals
The compositions of apatite, synchysite-(Ce), parisite-(Ce) and
florencite-(Ce) from Songwe Hill, as analysed by EPMA, are listed in
Tables 5 and 6. Further EPMA data for these minerals from Broom-
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Fig. 8. Mineral association percentage of apatite and synchysite-(Ce) in the crushing, grinding and size-by-size fractions of the composite sample as determined by
QEMSCAN®.
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The predominant phosphate minerals are apatite and florencite-
(Ce). Apatite hosts REE, ranging from trace levels (see Broom-Fendley
et al., 2017b) up to 2.42 wt%, averaging 1.71 wt%. The average HREE
content of apatite is 1.16 wt%, while LREE average 0.55 wt%. Flor-
encite-(Ce) is the least common REE mineral with a total REE content of
18–30 wt%, averaging 24 wt%, predominantly LREE.
The average TREO concentration in synchysite-(Ce) and parisite-
(Ce) is 50 wt% and 58 wt%, respectively (Table 6). Both are LREE-
enriched, with Ce2O3 as the most abundant REE, followed by La2O3,
Nd2O3 and Pr2O3, as well as minor to trace amounts of HREE. There is
some variation in the degree of LREE-enrichment in synchysite-(Ce)
(Table 6). However, one mineral processing flowsheet can be applied to
the whole deposit as the amount of compositional variation is small and
synchysite-(Ce) is consistently the main REE fluorcarbonate throughout
the deposit.
The species of synchysite determines the elemental deportment of
different ore minerals, as well as its magnetic susceptibility and mag-
netic behaviour. Synchysite-(Ce) is a diamagnetic mineral (Al-Ali et al.,
2019), but there are no data on the magnetic properties of other rarer
synchysite species, such as synchysite-(Y) and synchysite-(Nd). It may
be possible to estimate the magnetic behaviour of these other species
based on their composition and the magnetic susceptibility of Nd and Y.
Table 3
Mineral mass distribution (wt%) of apatite and synchysite-(Ce) of the composite samples and the size-by-size fractions based on the liberation degree as determined
by QEMSCAN®.
Sample Valuable mineral Mineral mass (wt
%)
Mineral mass distribution of the valuable mineral in each liberation category
(wt%)a
Locked Middling Liberated
Composite sample P80 of 53 µm Apatite 5.56 0.57 1.21 3.78
Synchysite-(Ce) 3.22 0.97 1.25 1.00
Composite sample P80 of 38 µm Apatite 5.01 0.66 0.74 3.61
Synchysite-(Ce) 2.69 0.56 0.82 1.31
Size-by-size fractions of the composite sample
P80 of 53 µm
>40 µm Apatite 4.96 0.71 1.15 3.10
Synchysite-(Ce) 2.68 0.98 0.83 0.87
30–40 µm Apatite 4.15 0.55 1.12 2.48
Synchysite-(Ce) 3.37 0.77 1.30 1.30
20–30 µm Apatite 3.38 0.46 0.55 2.37
Synchysite-(Ce) 3.12 0.61 0.95 1.57
10–20 µm Apatite 3.36 0.37 0.52 2.47
Synchysite-(Ce) 3.05 0.34 0.64 2.07
< 10 µm Apatite 4.74 0.65 1.17 2.92
Synchysite-(Ce) 4.25 0.47 1.40 2.39
a Valuable minerals are classified based on 2D mineral grain area percentage into: locked<30%, middling 30–80%, and liberated>80%.
Table 4
Whole-rock chemistry of the Songwe Hill carbonatite drill core samples as analysed by ICP-MS and ICP-OES.
Oxides (wt%) Crushed drill core samples
PX05 + 15 PX09 PX12 PX13 PX21 PX22b PX33 PX35
MgO 0.89 1.60 1.43 1.57 1.39 1.61 1.27 1.45
Al2O3 1.74 5.01 2.12 1.98 2.76 1.24 3.22 3.26
SiO2 5.30 12.75 6.32 5.23 7.88 3.43 9.04 9.21
P2O5 1.91 1.24 1.61 2.10 1.52 1.35 1.29 2.01
SO3 0.41 0.49 0.26 0.86 0.42 0.37 0.69 0.25
K2O 0.92 2.64 1.30 1.01 1.59 0.61 1.92 2.02
CaO 37.40 19.87 32.38 27.28 27.50 29.71 23.11 27.51
MnO 1.54 3.11 2.02 2.54 2.38 2.68 2.35 2.08
FeO 8.72 19.14 10.09 15.58 14.29 15.68 20.20 12.58
SrO 1.08 0.61 0.92 1.51 1.28 1.25 1.04 0.81
(ppm)
ZrO2 290 349 358 436 241 211 287 416
Nb2O5 2125 1543 2588 2073 1846 1737 3165 2157
ThO2 292 382 327 374 360 284 340 281
UO2 15 12 13 11 11 9 11 12
La2O3 2971 3800 3348 5327 4153 3609 3765 3302
Ce2O3 4952 6784 5683 9748 7581 6469 7341 5897
Pr2O3 540 700 607 897 756 686 724 592
Nd2O3 1760 2352 2034 2875 2592 2384 2315 2137
Sm2O3 289 271 338 420 370 334 370 260
Eu2O3 78 88 95 111 121 94 101 97
Gd2O3 212 185 221 265 241 212 214 227
Tb2O3 25 17 23 28 26 25 27 29
Dy2O3 104 94 115 129 118 110 112 127
Ho2O3 17 12 17 22 16 20 18 21
Er2O3 47 40 41 54 47 51 43 51
Tm2O3 5 4 5 6 6 4 5 6
Yb2O3 32 28 29 39 36 35 33 41
Lu2O3 6 5 4 5 5 5 4 6
Y2O3 636 591 647 735 549 571 604 657
TREO 11,674 14,971 13,207 20,661 16,617 14,609 15,676 13,450
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In nature, other REE occur in synchysite, especially other mid and light
REE in synchysite-(Ce) and synchysite-(Nd), and mid and heavy REE in
synchysite-(Y). The molar magnetic susceptibility of Y (2.359 × 10−3
cm3 mol−1) is much lower than the molar magnetic susceptibility of Nd
(74.5 × 10−3 cm3 mol−1), and even lower than Ce (31.4 × 10−3 cm3
mol−1) (Martienssen, 2005). By comparing the composition of these
two minerals with synchysite-(Ce), we can predict that synchysite-(Y)
would behave as a diamagnetic mineral, while synchysite-(Nd) as a
paramagnetic mineral.
4.3.3. REE mass balance
As previously noted, Broom-Fendley et al., (2017b) demonstrated
that apatite at Songwe Hill is HREE-rich, relative to most other carbo-
natite-hosted REE deposits. In order to investigate the mass balance of
the different REE across the available REE-bearing minerals, the
average concentration for each REE has been normalised by its modal
abundance as determined by QEMSCAN® analyses (Fig. 10). Other
minerals, such as calcite and fluorite, are only capable of hosting the
REE in small amounts, but these may also be significant given their high
modal abundance. To calculate the mass balance for these phases, trace
element data was taken from Broom-Fendley et al. (2017b, and un-
published data).
Owing to the low concentration of HREE in synchysite-(Ce), the
presented mass-balance data become unavoidably less reliable for the
heavier REE. Indeed, Eu, Tb, Ho, Er, Tm, Yb, and Lu are not included in
Fig. 10 as these elements are below detection in EPMA analyses of
synchysite-(Ce) and apatite. Trace element analyses of synchysite-(Ce),
using LA ICP MS, are beyond the scope of this study and would be
challenging to undertake owing to their small size and platy habit.
Synchysite-(Ce) hosts most of the LREE containing 88% of the
available Ce in the rock, with florencite-(Ce) predominantly accounting
for 11% and apatite about 1%. The importance of synchysite-(Ce) as a
REE host decreases for heavier REE as apatite becomes the dominant
REE-bearing mineral. For all REE heavier than Gd, apatite is the most
important REE host. Interestingly, however, for the two REE where data
are available in both synchysite-(Ce) and apatite (Dy and Y), synchy-
site-(Ce) still accommodates> 25% of the whole-rock HREE content.
Thus, while apatite is an important phase for hosting the REE, synch-
ysite-(Ce) remains an important valuable mineral. Gangue phases such
as calcite and fluorite contain a negligible amount of LREE, and only
amount to ~5% of the Y contents. For the purposes of tracking
synchysite-(Ce) and apatite contents during mineral processing tests,
the respective contents of Ce and Y are sufficiently robust proxies.
5. Mineralogical implications for minerals processing
Characterising the modal mineralogy, liberation, mineral associa-
tions, average grain size, and mass-size distribution are key parameters
to improve the mineralogical understanding of an ore deposit. They are
also key parameters for identifying the potential metallurgical bene-
ficiation route and to optimise recovery of the target minerals. Herein
we discuss how these mineralogical characteristics can be utilised to
predict behaviour in mineral processing and present a possible flow-
sheet option to process the Songwe Hill deposit.
5.1. Gravity separation
Gravity concentration is widely used due to low capital and oper-
ating costs, an absence of chemical reagents and a lack of excessive
heating requirements (Falconer, 2003). For efficient separation, a sig-
nificant density contrast between valuable and gangue minerals is re-
quired, and separation efficiency increases with increased particle size















Fig. 9. Distribution of the rare earth elements within the Songwe Hill carbo-
natite deposit using normalised percentages. Note the data were normalised
based on the average total concentration of the REO in eight crushed drill core
samples in Table 4.
Table 5
Average compositions for apatite and florencite-(Ce) from the Songwe Hill
carbonatite, as determined by EPMA (Broom-Fendley et al., 2017b).
Oxides (wt
%)
Apatite Ca5(PO4)3F Florencite-(Ce) CeAl3(PO4)2(OH)6
5 spot points 6 spot points
Min Max Avg σ Min Max Avg σ
Al2O3 27.17 30.22 28.53 1.01
SiO2 0.01 0.01 0.01 0.00 0.08 0.21 0.11 0.05
P2O5 39.79 41.30 40.63 0.57 22.19 25.97 24.43 1.28
SO3 0.04 0.25 0.09 0.11
Na2O 0.46 0.63 0.52 0.07 – 0.03 0.01 0.01
MgO – 0.03 0.02 0.01
CaO 52.58 54.12 53.59 0.61 0.89 3.42 1.68 0.96
MnO 0.06 0.19 0.13 0.09
FeO 0.04 0.28 0.15 0.12 0.56 2.34 1.10 0.65
SrO 1.24 1.69 1.46 0.17
Y2O3 0.54 1.07 0.86 0.20 – – –
La2O3 0.05 0.12 0.09 0.05 6.99 10.44 8.69 1.21
Ce2O3 0.06 0.34 0.17 0.11 9.42 13.75 12.27 1.66
Pr2O3 0.01 0.08 0.04 0.03 0.88 2.02 1.35 0.47
Nd2O3 0.11 0.37 0.21 0.10 0.72 3.42 1.79 1.15
Sm2O3 0.03 0.05 0.04 0.01 – 0.15 0.05 0.06
Gd2O3 0.11 0.19 0.16 0.03 – – –
Dy2O3 0.10 0.20 0.15 0.04
ThO2 0.03 0.05 0.04 0.01 – – –
F 4.60 5.06 4.88 0.20
Cl 0.01 0.01 0.01 0.00
-O = F, Cl 1.94 2.13 2.04 0.08
Total 97.93 103.88 101.19 68.90 92.00 80.02
Atoms per formula unit (apfu) on the basis of 12.5 and 11 anions for apatite and
florencite-(Ce), respectively.
Al 3.279 2.925 3.079
Si 0.001 0.001 0.001 0.008 0.017 0.010
P 2.910 2.959 2.941 1.924 1.805 1.894
S 0.001 0.016 0.005
Na 0.076 0.105 0.086 – 0.005 0.002
Mg – 0.004 0.002
Ca 4.842 5.009 4.910 0.098 0.301 0.164
Mn 0.001 0.014 0.006
Fe 0.001 0.020 0.008 0.048 0.161 0.084
Sr 0.062 0.084 0.072
Y 0.025 0.050 0.040 – – –
La 0.000 0.004 0.002 0.264 0.316 0.294
Ce 0.002 0.011 0.005 0.353 0.413 0.412
Pr 0.000 0.002 0.001 0.033 0.060 0.045
Nd 0.003 0.011 0.006 0.026 0.100 0.058
Sm 0.001 0.001 0.001 – – –
Gd 0.003 0.005 0.004 – – –
Dy 0.003 0.005 0.004 – – –
Th 0.001 0.002 0.002 – – –
F 1.231 1.375 1.320
Cl 0.001 0.001 0.001
Note: Blank cells denote elements not analysed and – denotes elements below
the limit of detection. UO2 below 0.01 wt% in all analyses. Eu2O3 and Tb2O3
below detection in all analyses.
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Table 7 summarises the key physical characteristics of the valuable
minerals at Songwe Hill. It is evident from these data that there is only a
small difference in specific gravity between apatite (major valuable
mineral) and ankerite and calcite (major gangue minerals). The specific
gravity of synchysite-(Ce) is higher than the major gangue minerals.
Examination of mineral density alone is not sufficient to fully
evaluate the potential for gravity separation as it does not account for
the size or density of the particles in which the minerals of interest are
contained. Using quantitative mineralogical data, it is possible to ex-
amine the distribution of particles by both size and density (Pascoe
et al., 2007) and to relate this to recovery of REE-bearing minerals. For
this study, quantitative mineralogical data for the 8 samples stage
crushed to −1700 µm were used. Analyses are based on the properties
of 172,732 particles examined.
Fig. 11 shows the mass distribution of REE-bearing minerals in
particle density classes in comparison to the overall mass distribution.
REE-bearing minerals are concentrated in slightly denser particles
compared to the overall sample, though the difference is< 1.5 g·cm−3
(Fig. 11). Synchysite-(Ce) is most prominently represented in the denser
classes and the density of particles containing apatite are similar to the
overall mass distribution. These findings support the analysis of mineral
properties given in Table 7.
For gravity separation to be effective there must be a large
Table 6
Average compositions for synchysite-(Ce) and parisite-(Ce) from the Songwe Hill carbonatite, as determined by EPMA.
Oxides (wt%) Synchysite-(Ce) CaCe(CO3)2F Synchysite-(Ce) CaCe(CO3)2F Parisite-(Ce) CaCe2(CO3)3F2
21 spot points 178 spot pointsa 7 spot pointsa
Min Max Avg σ Min Max Avg σ Min Max Avg σ
CaO 14.00 17.83 16.70 1.10 14.33 18.11 16.36 0.73 9.30 11.41 10.37 0.80
MnO – 0.09 0.01 0.02 – 0.02 0.00 0.01
FeO – 2.29 0.36 0.55 – 0.25 0.06 0.09
SrO – – – – 2.52 0.35 0.30 0.40 1.02 0.75 0.25
BaO – – – – 2.74 0.05 0.22 – 0.79 0.29 0.27
Y2O3 – 2.06 0.61 0.68 – 2.70 0.56 0.47 – 0.36 0.07 0.13
La2O3 8.20 22.23 12.44 3.50 7.54 20.62 13.36 3.07 18.03 23.45 21.42 1.89
Ce2O3 20.18 27.75 24.21 1.98 18.76 28.62 24.47 1.40 27.01 28.79 27.92 0.72
Pr2O3 1.35 3.25 2.35 0.48 1.74 4.32 2.48 0.37 2.04 2.71 2.33 0.23
Nd2O3 3.95 12.13 7.67 1.73 4.23 12.97 8.29 1.93 4.80 7.83 5.80 1.05
Sm2O3 0.35 1.71 0.85 0.41 0.15 2.57 0.93 0.42 0.23 0.54 0.34 0.13
Eu2O3 – – – – 0.53 0.14 0.10 – 0.06 0.03 0.03
Gd2O3 – 1.05 0.59 0.25 – 1.88 0.30 0.31 – – –
Dy2O3 – – – – 0.49 0.16 0.11 – 0.11 0.02 0.04
ThO2 0.19 6.73 1.29 1.35 0.02 2.82 0.80 0.51 0.08 0.73 0.35 0.24
F* 5.59 6.31 5.89 0.17 5.47 6.11 5.89 0.11 5.46 7.03 6.33 0.74
CO2* 25.90 29.25 27.28 0.80 25.36 28.30 27.27 0.53 23.12 26.12 24.76 1.03
-O = F* 2.35 2.66 2.48 0.07 2.31 2.57 2.48 0.05 2.30 2.96 2.67 0.31
Total 92.61 104.38 97.40 92.18 104.22 99.55 1.95 94.76 101.07 98.39
Atoms per formula unit (apfu) on the basis of 7 and 11 anions for synchysite-(Ce) and parisite-(Ce), respectively.
Ca 0.752 0.728 0.79 0.956 0.806 0.930 0.903 1.079 0.990
Mn – 0.003 0.000 – 0.001 0.000
Fe – 0.080 0.016 – 0.019 0.004
Sr – – – – 0.061 0.011 0.021 0.054 0.039
Ba – – – – 0.045 0.001 – 0.027 0.010
Total 0.752 0.728 0.79 0.956 0.995 0.958 0.924 1.18 1.043
Y – 0.042 0.01 – 0.060 0.016 – 0.017 0.003
La 0.152 0.313 0.20 0.173 0.316 0.261 0.575 0.766 0.706
Ce 0.371 0.387 0.39 0.428 0.435 0.475 0.888 0.935 0.912
Pr 0.025 0.045 0.04 0.039 0.065 0.048 0.066 0.085 0.076
Nd 0.071 0.165 0.12 0.094 0.192 0.157 0.160 0.242 0.184
Sm 0.006 0.022 0.01 0.003 0.037 0.017 0.007 0.016 0.011
Eu – – – – 0.008 0.003 – 0.002 0.001
Gd – 0.013 0.01 – 0.026 0.005 – – –
Dy – – – – 0.007 0.003 – 0.003 0.000
Th 0.002 0.058 0.01 0.000 0.027 0.010 0.002 0.015 0.007
Total 0.627 1.045 0.79 0.737 1.173 0.995 1.698 2.081 1.9
TREE:Ca 1:1 1:1 1:1 1:1 1:1 1:1 2:1 2:1 2:1
Note: * calculated by stoichiometry, blank cells denote elements not analysed and – denotes elements below the limit of detection. Tb and U were also analysed, but
below detection in all samples.




























Rare earth elements 
Synchysite-(Ce) Apatite Florencite-(Ce) Calcite Fluorite 
Fig. 10. Mass balance of the REE within the valuable minerals and some gangue
minerals of the Songwe Hill carbonatite samples. Data were normalised based
on the total concentration of each respective element in apatite, synchysite-
(Ce), florencite-(Ce), calcite and fluorite.
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difference in density between the minerals of interest and gangue mi-
nerals, within size ranges which are suitable for gravity separation
processes. The modest density differences shown in Fig. 11 indicate that
gravity separation would be difficult. To provide more detailed analysis
both size and density classes were considered. Fig. 12 shows the mass
distribution of REE-bearing minerals within size-density classes. The
majority of the analysed sample is relatively coarse, with over 91% of
the particles are over 180 µm. As in Fig. 11, there is an upgrade of REE-
bearing minerals in the density range of 3.0–4.0 g·cm−3. However, the
largest upgrades are in the smallest size fractions which would indicate
that gravity separation would be difficult.
In Fig. 13A the upgrade potential of REE-bearing minerals for size-
density classes is superimposed on the mass distribution of REE-bearing
minerals. In Fig. 13B, a similar approach is adopted for the expected
total rare earth element (TREE) grades. TREE grades are calculated
from EPMA data reported in Section 4.3.2. A limitation to this approach
is that there is no information on the TREE content of bastnäsite and
monazite. However, these minerals represent only 0.02–0.04% of the
mineral mass in the samples and so there is minimal error introduced by
not considering these minerals.
In Fig. 13A and B, points with a value above 1 (yellow-green) have a
higher grade than the overall feed grade (i.e. positive upgrade). There is
little mass of TREE within REE-bearing minerals in finer fractions
where the greatest upgrade would be possible (Fig. 13). Further
grinding of the sample should increase particles in the range of greatest
upgrading. However, Fig. 13B highlights the narrow density difference
between TREE enriched classes and TREE depleted ones. As the density
differences between enriched and depleted classes is low, gravity se-
paration would be difficult.
Fig. 13 also shows that there is some limited potential to pre-con-
centrate the +500 µm size classes, which could be achieved using
dense medium separation. However, the level of upgrade would be
Table 7
Mineralogical composition of the major and minor valuable and gangue minerals of the Songwe Hill carbonatite deposit along with some of their physical char-
acteristics (Tickell, 2011; Jordens et al., 2013; Krishnamurthy and Gupta, 2016; Wills and Finch, 2016; Al-Ali et al., 2019).
Mineral name Mineral abundance (wt%) Specific gravitya Magnetic response
Ferromagnetic Paramagnetic Diamagnetic
Valuable Apatite 5.56 3.2 X
Florencite-(Ce) 0.60 3.6 N/A
Synchysite-(Ce) 3.22 4.0 X
Gangue Ankerite 30.34 3.1 X
Baryte 0.98 4.48 X
Calcite 27.04 2.7 X
Fe-Ox/CO3 b 12.69 3.8–5.3
K-feldspar 9.52 2.6 X
Muscovite 1.87 2.8 X
Strontianite 1.17 3.8 X
N/A not available.
a Data from www.webmineral.com.
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Fig. 11. Mass distribution of REE-bearing minerals across density ranges for the crushed drill core sample P100 of 1700 µm. Overall mass distribution superimposed/
(solid line) for comparison.
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limited. For example, a separation at 3.0 g·cm−3 would increase the
grade of REE-bearing minerals in the +500 µm size range from 1.5% to
2.0% with a recovery of 60% of REE-bearing minerals and overall mass
pull of 44%.
Overall, the quantitative mineralogical data indicates that gravity
separation would be unlikely to be an effective means of processing the
ore to upgrade REE-bearing minerals.
5.2. Grinding
Grinding is the most energy-consuming operation in a mineral
processing flowsheet, particularly for a complex and fine-grained de-
posit (Wills and Finch, 2016). Grinding aims to enhance the liberation
of the target minerals and remove the associated gangue minerals.
The mineral liberation analyses of Songwe Hill samples (Figs. 7 and
8), demonstrate that the valuable minerals in the crushed drill core
samples P100 of 1700 µm are poorly liberated and associated with all
gangue phases. Grinding to P80 of 53 µm enhanced the liberation of
valuable minerals, especially apatite, and decreased their associations
with other gangue minerals. Further grinding to P80 of 38 µm greatly
enhanced the liberation of valuable minerals, particularly for
synchysite-(Ce), although these minerals are still not fully liberated and
remain locked by the host gangue particles. However, fine grinding to
P80 of 38 µm generated very fine particles (< 10 µm) of about 40 wt%
(Fig. 14) which are problematic for physical separation. Thus, it is re-
commended to process Songwe Hill deposit at a grinding size P80 of
53 µm to minimise losing valuable phases to the tailings.
5.3. Particle size analysis, classification and desliming
Particle size analysis, classification and desliming of an ore deposit
prior to undertaking a mineral processing test may be required to en-
hance separation efficiency. Particle size analysis is important for de-
termining the size range of particles after the grinding step. A classifi-
cation step may be required to split the bulk ore sample into different
products based on particle size (e.g. fine, medium and coarse products)
or grade (e.g. high-grade and low-grade products), to be processed se-
parately using the same or different methods and conditions. Desliming
may be applied to remove ultrafine and very fine fractions from the ore
sample to increase the efficiency of the beneficiation process.
The particle size distribution at Songwe Hill show that the amounts
of classified sample slightly vary from one size fraction to another,
between 10 and 21%, except the<10 µm size fraction which contains a
notable proportion (~36 wt%) of the whole ground composite sample
P80 of 53 µm (Table 8).
Automated mineralogical data indicate that valuable minerals are
equally distributed between all size fractions. Adding a desliming step
(i.e. removing the<10 µm fraction), prior to conducting a processing
test, will adversely affect the recovery of the whole process. Such a step
would result in a loss of approximately 23% and 26% of the total
apatite and synchysite-(Ce) contents, respectively. However, it may be
possible to classify the ore deposit into different products based on the
particle size, and separately process the very fine size fraction product
(i.e.< 10 µm).
5.4. Magnetic separation
Magnetic separation is widely used to beneficiate REE deposits by
separating minerals with different magnetic properties (Jordens et al.,
2013; Krishnamurthy and Gupta, 2016). It can be used to concentrate
valuable diamagnetic minerals, recover all magnetic minerals (ferro-
magnetic or paramagnetic), separate ferromagnetic from paramagnetic
minerals or selectively separate paramagnetic particles based on their
Fig. 12. Mass distribution of REE-bearing minerals across size and density
classes.
Fig. 13. Mass distribution of (A) REE-bearing minerals and (B) TREE across size and density classes. Upgrade potential within size and density classes is super-
imposed with change in colour. Yellow-green represents a positive upgrade and orange-red a negative upgrade. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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magnetic susceptibilities at a particular magnetic field strength.
The Songwe Hill carbonatite deposit consists of a considerable
amount of paramagnetic/ferromagnetic gangue minerals including an-
kerite (30 wt%) and iron oxides/carbonates (13 wt%), (Table 2). Iron
oxides/carbonates include magnetite, jacobsite, titaniferous magnetite,
siderite, hematite, goethite and limonite which behave as ferromagnetic
and paramagnetic minerals and have a strong association with ankerite
in most samples (Williams, 2019). Apatite and synchysite-(Ce) are both
diamagnetic (Al-Ali et al., 2019; Table 7). Thus, the diamagnetic nature
of the target minerals and the presence of paramagnetic gangue mi-
nerals means that wet high-intensity magnetic separation could con-
centrate ore from Songwe Hill and reject a high proportion of gangue
minerals.
The identity of the REE fluorcarbonate is important when con-
sidering magnetic separation because although synchysite is diamag-
netic, parisite and bastnäsite, with their increasing proportions of REE
are more magnetic and will respond differently during magnetic se-
paration.
Mineralogical characteristics, such as mineral grain size, liberation
and association need to be taken into account when considering mag-
netic separation. For instance, large and well liberated synchysite-(Ce)
grains are easy to separate from paramagnetic minerals such as ankerite
(Fig. 15A), but small and poorly liberated synchysite-(Ce) grains asso-
ciated with ankerite or iron oxides may behave as paramagnetic par-
ticles (Fig. 15B). For example, apatite and synchysite-(Ce) are highly
associated with ankerite of about 34% and 23%, respectively in the
composite crushed sample P80 of 1700 µm (Fig. 8). This association
decreases in the composite sample P80 of 53 µm to 14% (apatite) and
18% (synchysite) (Fig. 8). Thus, these minerals could be recovered to
the magnetic product and hence losing REE.
A further consideration regarding the magnetic properties of the
REE fluorcarbonates is the effect of syntaxial intergrowths. Syntaxial
intergrowths are a common feature among REE fluorcarbonate mi-
nerals. When synchysite is syntaxially intergrown with parisite and/or
bastnäsite, it may behave as a paramagnetic particle. An example of
synchysite-(Ce) associated with paramagnetic minerals is the Springer
Lavergne carbonatite deposit in Ontario, Canada (Table 1). Synchysite-
(Ce) is the only REE mineral in this deposit and it mostly occurs as fine-
grained clusters intimately associated with iron oxides and ankerite.
Other gangue minerals are K-feldspar, pyroxene/amphibole, pyrite and
quartz (Mariano and Mariano, 2012; Deng and Hill, 2014). Thus, coarse
grinding followed by a magnetic separation will recover the poorly
liberated synchysite-(Ce) with the host magnetic particles (iron oxides
and ankerite) to the magnetic product. This process would pre-con-
centrate the deposit from diamagnetic gangue minerals such as K-
feldspar and quartz.
5.5. Froth flotation
Froth flotation has found prominence as a selective process which
can separate chemically-similar minerals such as apatite and calcite in
complex and low-grade ore bodies (Klimpel, 1998). It is an efficient
technique to process fine-grained ore deposits, where the average grain
size to achieve high liberation is too small for physical processing
techniques such as gravity concentration (Kelly and Spottiswood, 1982;
Santana et al., 2008; Wills and Finch, 2016).
Froth flotation has been widely employed for the beneficiation of
igneous phosphates due to the well-crystallised nature and inherent low
porosity of apatite compared to apatite in sedimentary phosphates
(Kawatra and Carlson, 2014). It is also largely applied for processing
REE deposits, particularly beneficiation of bastnäsite from carbonate
gangue (Yu and Aghamirian, 2015; Krishnamurthy and Gupta, 2016).
The Songwe Hill carbonatite deposit is rich in synchysite-(Ce), but there
are no data available on the surface behaviour of synchysite-(Ce). Zeta
potential measurements conducted under different chemical reagents
and conditions suggest that Ca-bearing REE fluorcarbonate minerals
behave in a similar way to bastnäsite (Owens et al., 2018). Thus, it may
be possible to process synchysite-(Ce) by froth flotation using the same
chemical reagents that have been used to process bastnäsite-(Ce).


























38 µm 53 µm 70 µm 100 µm 125 µm
Fig. 14. Particle size distribution of the composite sample at different grinding size, as measured by laser size diffraction, showing the size passing fraction of P80 and
the amount of very fine particles (< 10 μm).
Table 8
Particle size distribution and normalised abundance of apatite and synchysite-
(Ce) in each size fraction of the ground composite sample P80 of 53 µm. Data
were normalised based on the total content of apatite and synchysite-(Ce)
within all size fractions as determined by automated mineralogy.
Size fraction (µm) Fraction weight (wt%) Apatite (%) Synchysite-(Ce) (%)
> 40 17 24.09 16.27
30–40 10 20.16 20.46
20–30 16 16.42 18.94
10–20 21 16.32 18.52
< 10 36 23.02 25.80
The calculated head sample is approximately 75 g.
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for processing the Songwe Hill deposit.
Different reagent schemes can be employed to beneficiate ore from
Songwe Hill. One such possibility is a fatty acid collector, which is ty-
pically a mixture of oleic and linoleic acid, at around pH ~ 10
(Guimarães et al., 2005; Kawatra and Carlson, 2014; Fuerstenau et al.,
1992; Krishnamurthy and Gupta, 2016). Various hydroxamates, di-
carboxylic acids and organic phosphoric acid esters have also been
widely used as collectors for recovering REE minerals, such as bastnä-
site, synchysite, fergusonite and apatite (Pradip and Fuerstenau, 1991;
Bulatovic, 2010; Yu and Aghamirian, 2015; Jordens et al., 2016). Rice
bran and soybean bran oils are successfully utilised as apatite collectors
in processing igneous phosphate deposits (Guimarães et al., 2005). Corn
starch is utilised to depress carbonate and iron oxides at alkaline con-
ditions because it is soluble in water and has a higher affinity to calcite
than apatite (Leal Filho et al., 2000; Guimarães et al., 2005). Sodium
silicate is employed for both igneous and sedimentary phosphate flo-
tation to depress calcite and silicate gangue minerals (Dho and Iwasaki,
1990; Yu and Aghamirian, 2015; Jordens et al., 2016). Lignin sulpho-
nate (C20H26O10S2) is a water-soluble anionic reagent that has been
used as a depressant for calcite and baryte in the flotation of bastnäsite
ore with a fatty acid collector (Fuerstenau et al., 1982; Pradip and
Fuerstenau, 2013).
To evaluate the feasibility of applying flotation as a processing
technique for this material the surface area of exposed REE-bearing
minerals for flotation was estimated from quantitative mineralogical
data. Specifically, the false colour PMA mineral map images generated
by QEMSCAN® were analysed using a custom MATLAB® R2020a script
to calculate the distribution of minerals on the boundary of particles. As
the sample used for QEMSCAN® is a cut section, pixels on the boundary
can be considered to be exposed for the purposes of flotation analysis.
Using the boundary mineral distribution data, a number of theore-
tical grade recovery (TGR) curves were generated. These TGR curves
represent the predicted recovery for two flotation scenarios. In the first
scenario, synchysite-(Ce) and bastnäsite are the target minerals.
Though, as the ratio of synchysite-(Ce):bastnäsite by mineral mass
abundance is 215:1, it can assumed that synchysite-(Ce) is the only
target mineral.
The second scenario was to assume targeting of all REE-bearing
minerals (principally, synchysite-(Ce) and apatite). The TGRs focus on
LREO and HREO which were calculated from EPMA data as in Section
5.1. It should be noted that for the purposes of mass balancing and
calculation of recovery the REO content of fluorite and calcite have not
been considered due to the expected low concentrations. As shown in
Fig. 10, the expected LREO and HREO (including Y) mass within these
minerals is 1.2% and 7.4% respectively. It is not anticipated that these
low concentrations will affect the overall trends reported. The specific
methodology for generating TGR curves is summarised below.
1. Extract particle data from QEMSCAN® generated PMA mineral map
false colour images and generate database of particles.
2. Calculate abundance of minerals on individual particle surfaces
using MATLAB® R2020a script.
3. Sort particles from high to low surface grade of either synchysite-
(Ce)/bastnäsite or all REE-bearing minerals.
4. Use mineral masses and LREO and HREO mineral content estimated















A B Fig. 15. Backscattered electron (BSE)images illustrating the mineralogical
characteristics of the Songwe Hill ore
deposit (A) accumulation of large
granular (lath-shaped) synchysite-(Ce)
crystals associated with baryte and (B)
fine acicular (needle-like) synchysite-
(Ce) crystals embedded within para-
magnetic ankerite and iron oxide/car-
bonate groundmass. Abbreviations: Ank:
ankerite, Apt: apatite, Brt: baryte, Cal:
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Fig. 16. Theoretical grade recovery
curves of (A) LREO and (B) HREO for
grind sizes of P80 53 µm and P80 38 µm
based on data generated by QEMSCAN®.
Curves created based on fraction of
synchysite-(Ce) exposed on the surface.
Darker lines represent perfect separation
from high to low surface exposure.
Lighter lines represent a simulation of
the effects of slimes on flotation with
random recovery of −10 µm particles.
Ten random simulations were under-
taken to evaluate the range of TGR.
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individual particles.
5. Calculate average grade and cumulative recovery using cumulative
mass data of individual particles.
5.5.1. Flotation targeting synchysite-(Ce) and bastnäsite
Fig. 16 shows TGR curves assuming synchysite-(Ce) and bastnäsite
are targeted during flotation. Darker lines represent TGRs assuming all
particles are selectively recovered. The paler lines represent the TGRs
assuming +10 µm particles are selectively recovered and −10 µm
particles are randomly recovered (10 simulations are represented).
Fig. 16A shows results for LREO and Fig. 16B shows results for HREO.
LREO are more effectively recovered than HREO when targeting
synchysite-(Ce) which is expected given the dominance of LREO in
synchysite-(Ce) (Fig. 16). When all particles are selectively recovered
38 µm is the optimal grind size. However, when the effects of slimes are
simulated (random recovery of −10 µm fraction), the 53 µm grind size
is preferable. Fig. 16A shows that a reasonable upgrade of LREO can be
achieved. However, Fig. 16B shows that if targeting synchysite-(Ce),
HREO are not effectively recovered. This has implications for the
profitability of the process given the relative value of HREO compared
to LREO.
The trend in Fig. 16A generally follows the expected behaviour of
decreasing grade with increasing recovery. Where there are small in-
creases in grade observed with increased recovery this is explained by
the methodology for generating the TGRs which are based on particles
sorted by surface exposed synchysite-(Ce)/ bastnäsite, and not the
grade of the entire particle. Where particles are not well liberated, a
high surface grade does not always result in a high overall grade. Also
where particles contain significant proportions of bastnäsite the LREO
content drops due to the lower mineral content. Example images of
such particles are shown in Fig. 17.
The trend in Fig. 16B, does not generally follow expected behaviour
of decreasing grade with increasing recovery. The grade is initially
relatively high, as synchysite-(Ce) contains HREO. As particles with
lower grades of synchysite-(Ce) are recovered the grade of HREO de-
clines. Between 20 and 30% recovery of HREO, the grade of HREO
increases, this can be explained by the increased grade of apatite in the
concentrate at this point. This can be seen in Fig. 16B which shows the
grade of apatite for the P80 38 µm sample. So, in this case, the primary
explanation for the trend is that the majority of HREOs are contained
within apatite, which is not targeted and has low association with
synchysite-(Ce); quantitative mineralogical results show overall asso-
ciation of< 1% for P80 38 µm sample. The trend could be considered
more analogous to recovery curves for gangue minerals.
5.5.2. Flotation targeting all REE-bearing minerals
Fig. 18 shows TGR curves assuming all REE-bearing minerals are
targeted during flotation (mainly apatite and synchysite-(Ce)). Darker
lines represent TGRs assuming all particles are selectively recovered.
Paler lines represent the TGRs assuming +10 µm particles are
selectively recovered and−10 µm particles are randomly recovered (10
simulations are represented). Fig. 18A show results for LREO and
Fig. 18B shows results for HREO.
Fig. 18 shows that HREO are more effectively recovered than LREO
when targeting all REE-bearing minerals. This is a result of the larger
abundance of highly liberated HREO-rich apatite which are pre-
ferentially recovered to synchysite-(Ce). Considering the likely effect of
slimes on performance, the 53 µm grind size is preferable. A reasonable
upgrade of HREO can be achieved (Fig. 18A), but if targeting all REE-
bearing minerals, LREO are not effectively recovered.
The general trends of these charts follow a similar pattern to those
shown in Fig. 16. In Fig. 18B, generally expected grade-recovery trends
are observed, this is because all minerals are targeted. Where there are
deviations this is a result of unliberated particles and recovery of par-
ticles with low HREO grade. For Fig. 18A, the same issues apply but are
compounded by targeting of apatite which has relatively low LREO
content compared to synchysite-(Ce). Synchysite-(Ce) is also targeted
but as there are larger abundances of apatite in the sample there is a
complicated trend.
Comparing Figs. 16 and 18, sequential separation would represent a
reasonable processing route to maximise processing efficiency.
5.6. Leaching
Mineralogy, liberation and mineral association are the most im-
portant parameters to be taken into account when assessing the
leachability of the ore under investigation. A chemical treatment can be
applied either to the whole rock or to a specific ore concentrate, ob-
tained by physical beneficiation. It can also be applied to specific size
fractions, for example the very fine particles of< 20 µm that form
about 50% of the ore deposit which may consider difficult to be pro-
cessed using physical processing methods.
The major gangue minerals at Songwe Hill are ankerite and calcite,
respectively comprising about 30% and 27% of the ore deposit. Thus,
acid leaching could be an appropriate process to reduce the major
gangue minerals but such a process would result in excessive acid
consumption. Regeneration of HCl from a leach solution has been de-
veloped for treating REE-bearing carbonate and apatite minerals
(Girgin et al., 2013). This is undertaken by reacting CaCl2 from the
gangue leach solution with concentrated H2SO4 to generate HCl and
insoluble calcium sulphate phases CaSO4·xH2O such as gypsum, hemi-
hydrate and anhydrite. These products can be separated out from the
liquid by filtration (Demopoulos et al., 2008; Al-Othman and
Demopoulos, 2009). However, sulphuric acid is not an efficient acid to
process deposits containing phosphate minerals as the acid will react
with phosphate minerals (e.g. apatite) generating “phosphogypsum”.
Phosphogypsum can incorporate notable concentrations of rare earth
elements from solution, and the generation of phosphogypsum can be
considered as an environmental issue due to the presence of toxic me-
tals and radionuclides (Rutherford et al., 1994; Samonov, 2011;
 Synchysite-(Ce)/parisite        Bastnäsite        Calcite        Ankerite        Fluorite        K-feldspar 
10 μm 10 μm 
A B Fig. 17. Examples of particles which result in de-
viations from expected grade-recovery behaviour.
(A) particle containing significant proportion of
bastnäsite which has relatively low LREO content.
(B) Unliberated particle with higher grade of
synchysite-(Ce) at surface (63.5% vol.) than in the
overall particle (35.5% vol.). False colour mineral
map images generated by QEMSCAN®.
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Peelman et al., 2014; Valkov et al., 2014).
6. A potential beneficiation flowsheet
In order to separate REE-bearing minerals form their gangue ma-
trices at Songwe Hill the following flowsheet may be a potential pro-
cessing option. The first step comprises crushing and grinding the
composite sample to P80 of 53 µm, followed by magnetic separation and
froth flotation (Fig. 19). Grinding the composite sample to P80 of 53 µm
will increase the liberation of the valuable minerals. Further grinding to
P80 of 38 µm will lead to highly improved liberation of the valuable
minerals, at the expense of generating further fines. Adding a pre-
concentration step using magnetic separation prior to flotation process
reduces the percentage of magnetic gangue minerals e.g. ankerite and
iron oxides/carbonates, which comprise ~50 wt% of the gangue. This
minimizes chemical reagent consumption for the flotation process and
acid consumption of the gangue leach of the rougher concentrate.
7. Conclusions
• At the Songwe Hill carbonatite deposit, apatite hosts HREE in-
cluding 50% of Gd, 63% of Dy and 71% of Y, while synchysite-(Ce)
with much less common syntaxially intergrown parisite-(Ce), mainly
hosts LREE (including Nd) and the remaining Gd, Dy and Y, whereas
the less common florencite-(Ce), accommodates the rest of LREE.
Although the ore mineralogy is complex, it is consistent throughout
the deposit so that one metallurgical approach may be applied.
• Successful separation of REE ore deposits not only depends on the
differences in the physical and chemical properties between the
valuable and gangue minerals, but also on the detailed determina-
tion of mineralogical parameters such as mineral chemistry, lib-
eration, association and grain size distribution. For example, the
main REE fluorcarbonates, bastnäsite, parisite and synchysite have
very different magnetic properties, and each mineral has further
discrete species depending on the predominant REE, for example,
synchysite-(Ce), synchysite-(Y), and synchysite-(Nd). All of these
species will vary in their properties in terms of magnetism and
density and each species needs a different way to be separated.
• The quantitative mineralogical data based on the mass distribution
of REE-bearing minerals within size-density classes indicates that
gravity separation would be unlikely to be an effective means of
processing the ore to upgrade REE-bearing minerals due to the
narrow density difference between REE-bearing minerals and the
overall sample. A potential pre-concentrate of the>500 µm size
fraction could be achieved using dense medium separation, but with
a limited level of upgrade.
• The quantitative mineralogical data based on the surface area of
exposed REE-bearing minerals reveals that targeting both apatite
and synchysite-(Ce) instead of only synchysite-(Ce) using flotation
technique would be a reasonable processing route to recover LREO
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Fig. 18. Theoretical grade recovery curves of (A) LREO and (B) HREO for grind sizes of P80 53 µm and P80 38 µm based on data generated by QEMSCAN®. Curves
created based on fraction of REE-bearing minerals exposed on the surface. Darker lines represent perfect separation from high to low surface exposure. Lighter lines
represent a simulation of the effects of slimes on flotation with random recovery of −10 µm particles. Ten random simulations were undertaken to evaluate the range
of TGR.
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Fig. 19. A potential metallurgical beneficiation flowsheet to process the
Songwe Hill deposit.
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TGR curves.
• Synchysite-(Ce), at Songwe Hill, is strongly associated with other
gangue minerals and separation would involve fine grinding. The
deposit consists of a considerable amount (~43 wt%) of para-
magnetic gangue minerals including ankerite and iron oxides/car-
bonates which could be removed using magnetic separation. Apatite
and synchysite-(Ce) could be separated using froth flotation as they
have similar surface properties towards the same collectors such as
fatty acids. Thus, a potential processing flowsheet would apply a
combination of fine grinding along with magnetic separation and
froth flotation.
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